INTRODUCTION
During the host defence to inflammation, injury and infection there are many changes in intermediary metabolism including a dramatic change in the concentration of many acute phase plasma proteins (APPs). Many of these APPs are derived from the liver and can be elicited from hepatocytes in tissue culture with cytokines within 48 h. 1 Among them, the LPS binding protein (LBP) is a class 1 APP with the ability to bind and transfer LPS to CD14, 2 inducing pro-inflammatory cytokine release. 3 LBP knockout mice have been shown to be deficient in their ability to generate a TNF response to a bolus injection of LPS, and they failed to combat a systemic Salmonella typhimurium infection. 4 This suggests that LBP plays a central role in the innate immune response by sensing a bacterial infection. However, an overactivation of the innate system can lead to systemic inflammation and to septic shock 5 accompanied by an acute phase response. 6 We are still far from a full understanding of the role of an acute phase LBP response. Recently, Lamping et al. 7 have shown that acute phase concentrations of LBP injected in mice inhibited LPSmediated TNF release resulting in decreased mortality rate in this LPS shock model. More importantly, mice were also protected from death due to Escherichia coli bacteraemia. In patients with sepsis, LBP plasma levels were less highly elevated at study entry in non-survivors than in survivors over the 28 day study period, 8 also suggesting a protective role of high LBP concentrations. Corresponding to this phenomenon are in vitro findings that low concentrations of LBP, analogous to constitutive mouse LBP serum levels, enhance LPS-induced TNF production; increasing the LBP concentration to acute phase levels brings TNF secretion to background values.
The host response to infection, the 'acute phase response' is a highly conserved series of physiological reactions including marked changes in concentrations of plasma proteins. These proteins have been shown to participate in the immune response to infections. Several recent studies have elevated the role of acute phase proteins (APPs) as predictive markers in infection. APPs such as serum amyloid A and haptoglobin but not C-reactive protein (CRP) have been identified as markers of inflammation in cattle. In humans, lipopolysaccharide (LPS) binding protein (LBP) has certain biological functions in host defence and participates in acute phase reactions. We measured plasma levels of LBP in a group of 20 calves experimentally infected with Gram-negative Mannheimia haemolytica (Pasteurella) in comparison to haptoglobin, the most widely studied APP in cattle. In infected calves, LBP levels rose significantly 6 h after infection, reaching a maximum at 24 h. Haptoglobin concentrations significantly rose after 12 h, and peak responses were measured 48 h after infection. Thus, LBP may prove to be a diagnostic marker in cattle infection and is faster than haptoglobin in detecting sepsis.
There are notable species differences in the acute phase response (APR) of individual proteins. In cattle, for example, CRP is a constitutive serum protein whose concentration does not considerably change in response to injury, but in the dog it is the major APP whose concentration can increase 100-fold. 9 The α 1 acid glycoprotein is a moderate APP in cattle and its concentration increases 2-4-fold. 10 Serum amyloid A is a major APP in humans, but its use as a marker in cattle has not been determined. 11 Haptoglobin has been found to be a useful marker in cattle. [12] [13] [14] In contrast to haematological analyses which are the currently recommended method in veterinary medicine for assessing inflammation, the APPs are stable and furthermore useful in animals with bone marrow suppression or depletion. Three studies in domestic animals have already suggested that haptoglobin was the better indicator of bacterial infection than haematological examination or other APP. 11, 15, 16 Constitutive LBP levels in plasma of cattle or other domestic animals are unknown. Antibodies to rabbit LBP or human LBP did not cross-react with bovine LBP. 17 The mean plasma level of LBP of healthy human blood donors is 4-17 µg/ml. 8, 18 In patients suffering from sepsis and septic shock, LBP values increased up to 50 µg/ml 8 with a maximum at day 2. This increase in LBP levels appears to be in line with the above mentioned in vitro inducibility of LBP in hepatoma cell lines.
The aim of this study was to determine whether LBP reacts as an APP in cattle.
MATERIALS AND METHODS

Animals
Twenty calves (mean age, 52 days; mean body weight, 64 kg) were infected with an intratracheal inoculation of Mannheimia haemolytica A1 (first and second inoculation 30 h later with 10 ml of 1.5-2.0 x 10 9 CFU/ml). Blood was collected 3 h before infection and 3, 6, 12, 24, 48, 72, 96 and 120 h after first bacterial inoculation. The sera were stored at -20°C until further use.
LBP assay
Plasma LBP was quantified by ELISA. We generated monoclonal antibodies (mAbs) by immunising LBP knockout mice 4 four times over a period of 60 days with 50 µg of either mouse or human recombinant LBP given simultaneously i.p., s.c. and into the footpad together with Titermax (Sigma, Deisenhofen, Germany). Hybridomas were screened for species cross-reacting antibodies. Sandwich ELISAs were established for the quantification of mouse, rabbit, rat, swine, human, and bovine LBP using crossreacting antibody pairs. The intra-and interassay coefficients of variance were below 10%. The detection limit of the bovine LBP assay is 0.45 ng/ml when using the mAbs 2D11E2 (IgG2a) and 4D6B2 (IgG1) and human recombinant LBP as standard.
Cattle haptoglobin assay
The haptoglobin (Hp) was determined by means of an ELISA using polyclonal antibodies against human Hp (rabbit anti-human Hp, DAKO, Denmark) as the coating antibody and conjugated with peroxidase as the detection antibody. The bovine haptoglobin standard for the ELISA was isolated by affinity chromatography after covalent immobilisation of the rabbit anti-human Hp antibodies on Sepharose 4B (Pharmacia, Sweden). The intra-and interassay coefficients of variance were <11% and <8%, respectively. The detection limit of the Hp-ELISA is 0.8 µg/ml.
Statistical analysis
Statistical analysis was performed using SigmaStat Software (SPSS Science Software, Erkrath, Germany) using the t-test.
RESULTS
We established a bovine LBP ELISA using species cross-reacting mAbs generated in LBP knockout mice. LBP-deficient mice are superior to wild-type mice for this application, because they recognise LBP as a foreign antigen. This offers the possibility to generate mAbs directed against highly conserved epitopes like the LPS binding region. Therefore, we were able to produce clones that were characterised by a wide range of species cross-reactivity (data not shown), giving us the chance to quantify bovine LBP. The LBP assay was used to answer the question of whether LBP values could be a useful marker for APR in cattle.
Seven-week-old calves received two intratracheal inoculations of M. haemolytica to study other topics that were not the subject of this study and, therefore, not discussed here in detail. Calves reacted within 1 h with increasing dyspnoea and signs of anaphylactic shock. After 3 h, rectal temperature rose to over 39.4°C and respiratory insufficiency was accompanied by hypoxaemia in arterial blood. Two calves died 28-30 h after the first inoculation of bacteria; a further 4 calves died 24 h after the second inoculation. The surviving animals continued to refuse to drink, and the oxygenation of arterial blood deteriorated once more. At day 5 after the first inoculation, animals were painlessly killed.
LBP levels were significantly elevated in infected animals compared with control samples obtained from the same calves prior to infection but less pronounced than in the acute phase reaction of adult cattle (>25 µg/ml, data not shown). Despite the fact that haptoglobin levels increased more than 300-fold and LBP increased only 7-fold, LBP is superior to haptoglobin as an early marker of infection. The rise of LBP in 20 infected calves occurred 6 h earlier, the peak response took place 24 h prior to haptoglobin (Fig. 1A,B) . Interestingly, in nonsurviving calves, LBP plasma levels were more elevated than in survivors (Fig. 1B) .
DISCUSSION
In human medicine, measurements of APPs, particularly CRP and serum amyloid A, 19 are widely used to detect inflammation, to determine a prognosis and to assess the response of a treatment. Studies in domestic animals have led to the identification of several APPs that were originally described in man or laboratory animals, although there is notable species variation. 20 The most widely studied APP in cattle is haptoglobin. It has been found to be a useful marker in both experimental and clinical investigation. 10, 11, 15, 21 We analysed whether LBP is an APP in cattle also and compared LBP values with the kinetics of haptoglobin levels in an experimental infection using Gram-negative bacteria.
In cattle, LPS is a major virulence factor in several Gram-negative bacterial infections resulting in endotoxaemia and death. 22 Calves are extremely sensitive to LPS and they manifest pyrexia, leukopenia and hypotension, but very little is known about LPS-LBP interaction. We have demonstrated LBP-like protein activity in fetal or neonatal calf serum similar to human serum or recombinant mouse or human LBP by measuring its essential role for FITC-LPS binding to membrane-bound CD14 on human monocyte surfaces. 23, 24 Using the same method, Horadagoda et al. 17 studied the kinetics of LBPlike activity in calves during APR. They demonstrated a 4-fold increase of a LBP-like activity in serum 36 h after a single intratracheal inoculation of Mannheimia haemolytica A1 (4 x10 12 CFU) in 3 calves. Here we show an early significant increase in LBP concentration 6 h after bacterial inoculation. Therefore, LBP seems to be a more sensitive marker of infection than haptoglobin. The haptoglobin levels did not significantly rise before 12 h (Fig. 1A) .
To our surprise, in non-surviving calves, LBP plasma levels were more elevated than in survivors (see Fig.  1B ), which is in contrast to results presented by Opal et al. 8 They reported recently that, in 253 patients at the onset of severe sepsis and/or septic shock, median LBP levels were less highly elevated at study entry (28 µg/ml versus 33.2 µg/ml; P < 0.05) in non-survivors than survivors over the 28-day period. Even at study entry, the non-surviving calves demonstrated slightly higher LBP levels (2.3 ± 0.47 µg/ml versus 1.65 ± 0.27 µg/ml), but the differences at day 2 were not significant and the number of animals involved in the study was too low to draw any conclusion. Taken together, we describe here for the first time the quantification of LBP in domestic animals; LBP was identified as an APP in cattle. Calves seem to respond to a lesser extent than adult cattle, and thus the maximum response remains to be elucidated.
The early increase of LBP values provides the veterinarian with a rapid method to identify bacterial infection in cattle. Whether viral or parasitic infections or even non-infectious inflammation are also accompanied by increased LBP values needs further investigation.
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